Based on measurements from an observing mooring system, the observational evidence 15 of parametric subharmonic instability (PSI) that transfers energy from semidiurnal internal tides 16 (ITs) to the subharmonic waves at the East China Sea continental shelf slope is presented for 17 the first time. Although the mooring station is quite close to the energetic semidiurnal IT 18 generation site, about 76 % of the observed shear variance is contained in the near-inertial band 19 which is found to have comparable upward and downward propagating energy components. 20
Introduction 30
Internal tides (ITs) primarily generated by barotropic tidal flow over topography supply 31 an important energy source for small-scale mixing in the ocean. Although the global pattern of 32 the generation of ITs is relatively well quantified (e.g., Simmons et al., 2004; Niwa and Hibiya, 33 2011; 2014) , where and how the ITs lose their energy still remains an open question. One 34 widely accepted hypothesis is that the ocean mixing is sustained by a class of resonant wave-35 wave interactions transferring energy from large-scale internal waves to smaller scales 36 (McComas, 1977; Müller et al., 1986) . Parametric subharmonic instability (PSI), which 37 transfers energy from a large-scale 'parent wave' to a pair of small-scale 'daughter waves' with 38 nearly half the frequency of the parent wave, is one of the most important interactions identified. 39
Due to the scale separation between the parent and daughter waves, PSI is an efficient way in 40 the downscale energy transfer. 41
Theoretically, the PSI works most efficiently at the critical latitude (for M2 IT at 28.8 °N) 42
where the group velocity of the subharmonic wave vanishes allowing their exponential buildup. 43
Using a series of two-dimensional numerical experiments, Hibiya et al (1998 Hibiya et al ( , 2002 showed 44 that the downscale cascading of low-mode semidiurnal baroclinic tidal energy was clearly 45 latitude-dependent. Mackinnon and Winters (2005) predicted a catastrophic energy loss from 46 M2 IT to M1 subharmonic waves at the M1 PSI critical latitude (28.8°, where = 1 ). The 47 latitudinal dependence of PSI as theoretically and numerically predicted was further verified by 48 both finescale and microstructure observations carried out over a wide area in the north Pacific 49 (Hibiya and Nagasawa 2004; Hibiya et al., 2007) . 50 geostrophic flow can change the PSI efficiency by changing the local effective Coriolis 74 frequency (
). This is related to the fact that the propagation of PSI-generated subharmonic 75 wave is controlled by rather than the local Coriolis frequency f. More recently, using 3D 76 simulations, Dong et al. (2019) achieved similar results to Yang et al. (2018) , that the presence 77 of the background geostrophic flow can significantly change the PSI efficiency. 78
The East China Sea (ECS) lies at the northwest of the Pacific Ocean. The Kuroshio western 79 boundary current enters northeast of Taiwan extending northeastward along the shelf slope. The 80 ECS is one of the most energetic M2 barotropic-to-baroclinic conversion sites among the world 81 oceans (Niwa and Hibiya, 2014) . Based on the regional three-dimensional numerical model 82 study, Niwa and Hibiya (2004) reported that the rate of conversion of the M2 barotropic to 83 baroclinic energy integrated over the ECS shelf slope and Ryukyu Island chain reached 4.1 GW 84 and 14.9 GW, respectively. 85
In contrast to the strong M2 ITs conversion and propagation, there is still no study 86 documenting the role of PSI in cascading ITs energy on the ECS shelf slope. The southern half 87 of the ECS lies equatorward of 28.8 °N, thus, the PSI can potentially transfer energy from M2 88 to M1 without violating the internal wave theory that ≤ ω ≤ . Based on observations from 89 a mooring station located at the shelf slope of the ECS, northeast of Taiwan island, this study 90 aims to document the occurrence and properties of PSI at the ECS shelf slope for the first time. 91
The potential influence of Kuroshio on the PSI efficiency is discussed. Section 2 describes the 92 basic observational methods and results. Section 3 explores the properties of semi-diurnal ITs 93 and near-inertial waves (NIWs). Evidence of PSI is shown in section 4. The potential role of 94 Doppler current profilers (ADCPs), measuring the vertical profiles of horizontal velocity, were 103 deployed at the middle of the water column with one looking upward and the other looking 104 downward. The ADCP pings every 10 s with a temporal resolution of 5 min and a vertical 105 resolution of 8 m. Valid velocity measurements covered a depth range from ~50 m to ~710 m. 106
Due to the separation between the upward-and downward-looking ADCP records, there is a 107 gap of velocity measurements at the depth range between ~437 m and ~463 m. This is 108 supplemented by linearized interpolation in the following analysis with the related influence 109 almost invisible in velocity plots ( Figs. 2a and 2b) . 110
The mooring chain was equipped with 24 temperature sensors (SBE56) and 7 111 conductivity-temperature-depth sensors (CTD, SBE37). Information of the corrected sensor 112 depths and temporal resolution are presented in Table 1 variations which indicate the baroclinic structure of tides ( Fig. 2c, d) . The vertical wavenumber-frequency spectra of horizontal velocity are calculated next to 142 look at the energy content as a function of wavenumber and frequency. The horizontal 143 baroclinic kinetic energy spectra show significant peaks at the near-inertial/diurnal (~1 cpd) 144 and semidiurnal (~2 cpd) bands (Fig. 3a ). The M2 IT has the strongest peak which is 145 characterized by the lowest vertical wavenumber (~0.002 cpm). In contrast, the NIWs have a 146 much larger vertical wavenumber which could contain contributions from a variety of waves: 147 the waves at the inertial frequency (f, 27.9 h), diurnal ITs (K1, 23.93 h and O1, 25.82 h) and the 148 subharmonic waves of semidiurnal ITs (M1, 24.84 h and S1, 24 h). These waves are not clearly 149 distinguished from each other in the spectra. 150
Due to the vertical-scale separation between the NIWs and semidiurnal ITs, the shear 151 variance is mostly concentrated at the near-inertial band (Fig. 3b ). About 76% of the observed 152 shear variance lies within the frequency range of 0.8-1.5 . The velocity shear is usually used 153 as an important parameter in parameterizing the mixing intensity (e.g., Gregg, 1989) ; therefore, 154 the physical process underlying the high-wavenumber NIWs may be of crucial importance for 155 the turbulent mixing at the ECS shelf slope. 156
Properties of the semidiurnal ITs and NIWs are discussed separately in the present section. 159
We extract the wave fields by a bandpass filter in frequency space. Possible connections 160 between the NIWs and semidiurnal ITs are suggested at the end of the section. We next calculate the depth-integrated horizontal kinetic energy within the near-inertial 201 and semidiurnal bands following 202
(2) 203 where 0 =1024 kg m -3 is the reference density; h1 and h2 are the lower and upper integration 204 limits. As the ITs are generated by the interaction between barotropic tide and topography, the 205 baroclinic velocities are usually strongly related to the barotropic velocity that forces them. 206
However, the temporal variation of NIWs does not appear to follow the local diurnal forcing 207 ( 1)   239 where ̃, ̃, and ̃ are the Fourier coefficients of variables x, y, and z in frequency space. 240
The magnitude of bispectrum depends on both of the magnitudes (|̃1|, |̃2|, |̃1 + 2 |) and 241 relative phases ( 1 , 2 , 3 ) of the respective Fourier coefficients. The bicoherence follows 242
(2) 243
With the influence of wave amplitude eliminated, bicoherence measures the phase locking 244 between the interacting triads. Data are divided into half overlapping 7.5-day windows when calculating the frequency 287 bispectra. The real part of the frequency bispectrum shows a large positive peak located at the 288 third quadrant ( 1 < 0 and 2 < 0) which represents the clockwise rotation with time, a 289 common feature for the NIWs in the north hemisphere (Fig. 7a ). The largest value is located at 290 indicating a confident phase locking between the interacting triads ( Fig. 7b) . 301
Similarly, the bispectra analysis as a function of vertical wavenumber is also calculated so 302 as to examine the vertical scales of the interacting triads. In analogy to Eq. 5, the bispectrum in 303 vertical wavenumber space follows 304
305
No overlapping 428 m windows (the velocity measurement coverage in the vertical direction) 306 have been applied during the vertical-wavenumber bispectra calculation. The fact that the large 307 values concentrated along the line m1+m2 ~ 0 means that both m1 and m2 must be much larger 308 than the sum of them (m1+m2) ( Figs. 7c and 7d ). This indicates the scale separation between the 309 M2 parent wave and the subharmonic daughter waves as predicted by the PSI theory. The 310 bispectra ( Fig. 7c ) has also shown some negative peaks; however, none of these negative peaks 311 is statistically significant (Fig. 7d ). The largest bicoherence value locates at (m1, m2, m3) = (-312 0.0049, 0.0059, -0.001 cpm) indicating a vertical wavelength of ~1000 m for the M2 IT and 313 ~200 m for the M1 subharmonic waves. Therefore, the frequency and vertical-wavenumber 314 bispectral estimates together support statistically confident PSI triads transferring energy from 315 the low-mode M2 IT to high-mode M1 subharmonic waves. 316 317 c. The PSI energy transfer 318
The energy transfer rate ℊ from the semidiurnal ITs to subharmonic waves is next 319 calculated. As revealed in Eq. 4, ℊ is determined not only by the subharmonic shear and 320 10.1175/JPO-D-19-0163.1.
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An accurate estimation of ℊ needs to get the information of the vertical wavenumber of the 322 interacting triads. As shown in Fig. 6 , we separate the observation period into four stages (stages 323 1 -4), each roughly covering a fortnight. Bispectral estimates are carried out within every single 324 stage. Table 2 semidiurnal ITs to subharmonic waves. A net 〈ℊ〉 of 5 × 10 -9 W kg -1 is found after averaging 334 all the measurements. This is comparable to the previous estimates at the Kaena Ridge, Hawaii 335 (averaging at 2 × 10 -9 W kg -1 , Sun and Pinkel 2013) and that north of the Hawaii Ridge near 336 the M2 critical latitude of 29 °N (orders of 10 -9 W kg -1 , Mackinnon et al., 2013) . 337
Note that despite ℊ being overall positive, negative values also occur (Fig. 8a) . This does 338 not necessarily indicate an inverse energy transfer from subharmonic waves to semidiurnal ITs. 339
The observed semidiurnal ITs and subharmonic waves have a constant phase locking within 340 the PSI prevailing environment which has induced the overall positive ℊ observed here. 341
However, if there is any process other than PSI that generates energetic waves within the 342 10.1175/JPO-D-19-0163.1.
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October. These waves have no phase correlation with the local semidiurnal ITs, which has 345 induced strong blue-red patches in ℊ at the upper layer during that time (Fig. 8a) . With enough 346 waves included, the averaged ℊ should be equal to zero. 347
One of the most interesting phenomena in the observed ℊ is that it has experienced strong 348 temporal variation. Stages 2 and 3 are characterized by the most energetic 〈ℊ〉 which reaches 349 6 × 10 -9 W kg -1 and 9 × 10 -9 W kg -1 , respectively. With the semidiurnal ITs acting as the 350 parent wave here, it is natural to infer that the semidiurnal ITs should have positive effects on 351 the PSI energy transfer. Strong baroclinic energy flux is considered to induce intense ℊ. 352
Based on continuous velocity measurements at the PSI critical latitude, Mackinnon et al. (2013) 353 showed that the observed three pulses of energetic PSI energy transfer occur during the spring 354 tides. It is shown here that over the first 3 stages, ℊ grows with the intensification of 355 which agrees well with the inference (as summarized in Table 2 ). However, one exception 356 occurs during stage 4 when the largest Fsemi (10.7 kW m -1 ) has induced the least efficient PSI 357 (〈ℊ〉 = 1 × 10 -9 W kg -1 ). This disproportionate relation is quite different from that occurring 
Discussion 363
PSI is expected to act most efficiently at the critical latitude, with an abrupt switch off at 364 higher latitudes and gradual relaxation toward lower latitudes. This is related to the fact that the 365 frequency of the generated M2 subharmonic waves deviates from the local Coriolis frequency 366 (f) with distance south of the critical latitude. This will change the group velocity of the 367 generated subharmonic waves, thus modify the PSI efficiency. frequency (e.g., 1 for M2 IT). This is equivalent to shifting to higher latitude and vice versa. 373
Based on this theoretical work, it is predicted that once there is spatially varying background 374 geostrophic flow generating in the real ocean, the PSI efficiency may be modified 375 accordingly. As one of the two strongest western boundary currents, Kuroshio flows along the 376 ECS shelf slope and has influenced our mooring station. Previous transects velocity 377 observations showed that Kuroshio front tends to induce a "wall" of positive and negative 378 vorticity on the left and right side to the flow direction, respectively (Rainville and Pinkel 2004) . 379
Here, the effective Coriolis frequency at our mooring station is calculated following 380 (Kunze, 1985) To conceptualize the effect of , we plot the latitude corresponding to the effective inertial 392 frequency at the right axis of Fig. 9f , which is named as the "effective latitude". Our observation 393 site is located to the south of the critical latitude. The "effective latitude" is shifted northward 394 (closer to the critical latitude) during the first 3 stages and southward during stage 4. The 395 estimated PSI energy transfer in section 4 has shown that PSI was more efficient in transferring 396 energy during the first 3 stages than that during stage 4 (as summarized in Table 2 ). This shift 397 of PSI efficiency thus follows the variation of well consistent with the scenario described 398 by Yang et al. (2018) . 399
The observational results here together with the previous numerical predictions (Yang et 400 al., 2018) all suggest that in the realistic ocean where geostrophic flows and mesoscale eddies 401 prevail, the ITs cascading by PSI and the associated diapycnal mixing may depend a lot on the 402 background vorticity field. However, we should note that due to the limited length of time of 403 the observation, the vorticity effect on PSI intensity as suggested occurring at the mooring 404 
Instruments
Corrected sensor depths (m) (m1, m2, m3) (×10 -3 cpm) (-4.9, 5.9, -1) (-5.8, 6.8, -1) (-3.9, 4.9, -1) (-3.9, 4.9, -1) (-6.8, 7.8, -1) 〈 〉 (kW m -1 ) 6.3 2.9 6.6 7.4 10.7
〈ℊ〉 (×10 -9 W kg 
